Degradation of organic matter in slightly organic-rich (1 wt% organic carbon) Neogene calcareous turbidites of the Argo Basin at Site 765 by sulfate reduction results in pore-water phosphate, ammonium, manganese, and carbonate alkalinity maxima. Pore-water calcium and magnesium decrease in the uppermost 100 meters below seafloor (mbsf) in response to the precipitation of calcian dolomite with an average composition of Cai.isMgo.83Feo.θ2(Cθ3)2. Clear, euhedral dolomite rhombs range from <l to 40 µm in diameter and occur in trace to minor amounts (<l-2 wt%) in Pleistocene to Pliocene sediment (62-210 mbsf) The abundance of dolomite increases markedly (2-10 wt%) in Miocene sediment (210-440 mbsf). The dolomite is associated with diagenetic sepiolite and palygorskite, as well as redeposited biogenic low-Mg calcite and aragonitic benthic foraminifers. Currently, dolomite is precipitating at depth within the pore spaces of the sediment, largely as a result of aragonite dissolution. The rate of aragonite dissolution, calculated from the pore-water strontium profile, is sufficient to explain the amount of dolomite observed at Site 765. A foraminiferal aragonite precursor is further supported by the carbon and oxygen isotopic compositions of the dolomite, which are fairly close to the range of isotopic compositions observed for Miocene benthic foraminifers. Dolomite precipitation is promoted by the degradation of organic matter by sulfate-reducing bacteria because the lower pore-water sulfate concentration reduces the effect of sulfate inhibition on the dolomite reaction and because the higher carbonate alkalinity increases the degree of saturation of the pore waters with dolomite. Organic matter degradation also results in the precipitation of pyrite and trace amounts of apatite (francolite), and the release of iron and manganese to the pore water by reduction of Fe and Mn oxides.
INTRODUCTION
Diagenetic carbonate minerals are commonly observed in marine sediments in minor to trace amounts (Lumsden, 1988) . Most of the diagenetic carbonate observed at DSDP sites has been reported as dolomite. Although some marine dolomites are detrital or reworked from shallow water environments, many are authigenic. For example, dolomite currently is precipitating at depth in the sediment of a number of organic-rich hemipelagic DSDP sites (Pisciotto and Mahoney, 1981; Kelts and McKenzie, 1982; Baker and Burns, 1985) . In addition to dolomite, early diagenesis of organic-rich marine sediment can result in the precipitation of the authigenic minerals pyrite and francolite (carbonate fluorapatite), as observed, for example, in the Miocene Monterey Formation Compton, 1988a) . Dolomite can form by replacement of precursor carbonate or by direct precipitation from supersaturated pore water. Pore waters can become highly supersaturated with respect to diagenetic carbonate minerals from the increase in carbonate alkalinity that results from the bacterial degradation of organic matter (Compton, 1988b) . Mg, and some of the Ca, required during dolomite precipitation are supplied by diffusion from the overlying seawater (Baker and Burns, 1985; Compton and Siever, 1986) . The mineralogy of the diagenetic carbonate that precipitates will depend largely on the composition of the pore water. Dolomite is a common diagenetic carbonate in marine sediments, in part because Mg is abundant in seawater. However, Ca, Fe, and Mn 'Gradstein, F. M., Ludden, J. N., et al., 1992. Proc. ODP, Sci. Results, 123: College Station, TX (Ocean Drilling Program carbonates can precipitate instead of dolomite. For example, calcite concretions have been reported from organic-rich Devonian shales (Dix and Mullins, 1987) , and rhodochrosite has been reported from organic-rich sediment from the Baltic Sea (Jakobsen and Postma, 1989) and from the Franciscan Complex, California (Hein and Koski, 1987) .
Significant amounts of diagenetic carbonate are less common in pelagic sediments because they generally have lower sedimentation rates and lower organic carbon contents in comparison to hemipelagic sediments. The occurrence of relatively large amounts of dolomite in sediment recovered from the Argo Basin thus was surprising because the basin floor lies below the carbonate compensation depth (CCD) at a water depth of 5740 m, and the sediment is only slightly organic-rich, with an average of about 1 wt% organic carbon in the uppermost 100 mbsf (Ludden, Gradstein, et al., 1990) . In this study, I discuss early diagenesis at Site 765 and the origin of its diagenetic dolomite and rhodochrosite.
METHODS
Squeezed pore-water samples were analyzed on board the JOIDES Resolution using standard techniques (Ludden, Gradstein, et al., 1990) . Pore-water Sr and K were analyzed using flame atomic absorption spectroscopy at the University of South Florida (USF). Sediment samples were collected on board the ship. Bulk sediment samples were separated into >38-, 2-to 38-, and <2-µm size fractions by sieving and centrifuging. X-ray diffraction (XRD) analysis was performed using Cu Kα radiation on the Philips XRD unit on board the ship and on the Scintag XDS 2000 unit at USF. Relative abundance of the carbonate minerals was estimated from the intensity (integrated area) of the carbonate mineral XRD peaks. The dolomite was separated from the biogenic carbonate by suspending the 2-to 38-µm size fraction in dispersant and then ultrasonicating it. The settled silt-sized fraction was repeatedly treated at room temperature with a sodium acetate-acetic acid buffer at pH 5 (Jackson, 1969) until calcite and aragonite were no longer detectable by XRD (<0.5 wt%). The dolomite underwent only minor dissolution as a result of this treatment (PI. 1, Fig. 1 ).
The stable carbon and oxygen isotopic compositions of the diagenetic carbonate were measured using a Finnigan-MAT 251 mass spectrometer in the laboratory of P. Swart at the Rosenstiel School of Marine and Atmospheric Sciences, University of Miami. Scanning electron microscopy (SEM) was performed on an ISI-DS13O SEM at USF. The elemental composition of individual dolomite rhombs was qualitatively determined using a Kevex EDX attachment during SEM analysis. Quantitative elemental analysis of the diagenetic carbonate was determined using direct current plasma emission spectrometry (DCP) by T. Plank at the Lamont-Doherty Geological Observatory, Columbia University.
CARBONATE MINERALOGY
Neogene sediment at Site 765 contains highly variable but generally large amounts of carbonate relative to the underlying Cretaceous sediment (Fig. 1) . The carbonate content is particularly high and averages 70 wt% in Neogene sediment from 200 to 400 mbsf. These Neogene carbonate sediments have been interpreted as having been deposited as turbidites shed off of the adjacent Australian continental margin (Ludden, Gradstein, et al., 1990) . The turbidite units have variable thickness and typically consist of a basal foraminiferal sand, an overlying nannofossil ooze, and an upper clay layer that contains only minor to trace amounts of carbonate. Carbonate minerals identified at Site 765 include calcite, aragonite, dolomite, and minor amounts of rhodochrosite and siderite. No high-Mg calcite was observed. Low-Mg calcite is the dominant carbonate mineral and occurs as nannofossils, foraminifers, and recrystallized aggregates (PI. 1, Fig. 4 ). Calcitic calcispheres were observed in several places in the basal, Lower Cretaceous sediment.
Aragonite occurs as benthic foraminifers that originally inhabited water depths of less than 2000 m (Ludden, Gradstein, et al., 1990) . The aragonite content is proportional to the amount of Sr in the bulk sediment ( Fig. 1 ) because most of the Sr occurs in aragonite. The Sr content of the bulk sediment (Ludden, Gradstein, et al., 1990) indicates that aragonite is most abundant in sediment from 200 to 440 mbsf and agrees with the aragonite abundance estimated by XRD ( Fig. 1) . No aragonite was detected in sediment older than the Neogene (below 450 mbsf); however, some aragonite may be present at 510 mbsf because of the elevated Sr content of the bulk sediment at this depth. The fairly abrupt increase in the aragonite content in the transition from Paleogene to Neogene sediment at Site 765 corresponds to an order-of-magnitude increase in the sedimentation rate (Ludden, Gradstein, et al., 1990) . Aragonitic foraminifers are concentrated in the basal foraminiferal sand layers of the turbidite beds. Long, prismatic crystals, observed in the SEM, are thought to represent the tests of aragonitic foraminifers that have undergone extensive solution (PL 1, Fig. 3 ).
Diagenetic carbonate at Site 765 occurs as disseminated, siltsized rhombohedral crystals. These rhombic crystals were originally thought to be ankerite because of the larger d-spacing of the 104 reflection and the presence of an iron peak in the SEM EDX analyses. Quantitative elemental analyses by DCP later revealed that the carbonate rhombs are calcium-rich dolomite that contains Ludden, Gradstein, et al. (1990) .
an average of only several weight percent iron ( Table 1 ). The dolomite-ankerite solid-solution series of natural samples exists from 100% dolomite to about 30% dolomite-70% ankerite; the ideal ankerite end-member, CaFe(CO 3 ) 2 , is not known to exist in nature, nor has it been synthesized in the laboratory (Essene, 1983) . Distinguishing between dolomite and ankerite is difficult in the light microscope because both carbonate minerals commonly occur as clear, rhombic crystals. In addition, the distinction between calcian dolomite and ankerite can be difficult using routine bulk sediment XRD analysis of samples containing minor amounts of these carbonate minerals because the d-spacing of their most intense reflection (104) is similar (0.290 nm for ankerite and calcian dolomite, compared to 0.288 nm for near-ideal dolomite). Therefore, elemental analysis is necessary to distinguish between calcian dolomite and ankerite. The dolomite occurs in the coarse clay to silt size fraction as euhedral, clear, rhombohedral crystals that range in size from <l to 40 µm in diameter (PI. 1, Fig. 1 ; PI. 2, Figs. 1, 2, and 3). Dolomite rhombs were observed first in Pleistocene foraminiferal sand at 62 mbsf. Trace (<l wt%) to minor (1-2 wt%) amounts of dolomite occur from 62 to 210 mbsf. The dolomite content of the sediment increases to approximately 2 to 10 wt% in Miocene sediment from 210 to 441 mbsf. This marked increase in dolomite from 210 to 441 mbsf corresponds to a carbonate-rich, Miocene sediment interval that contains abundant low-Mg calcite, aragonite, and Mg-rich clay minerals (Fig. 1) . The dolomite appears to have grown in the pore spaces of the sediment, forming clear, euhedral single crystals or clusters of intergrown crystals (PI. 2). Crystal faces are not pitted or etched and suggest that the dolomite is in equilibrium with the pore water (etched faces in PI. 1, Fig. 1 are a result of sample processing). Dolomite rhombs were observed in the SEM to be intimately associated with the fibrous Mg-rich silicates sepiolite and palygorskite (PI. 2, Figs. 1, 2, and 3). In some samples, the fibrous clay minerals drape over the surface of the dolomite crystals, and in other samples, clay minerals appear to be encased in the dolomite. The sepiolite and palygorskite, as well as a mixed-layered illite/smectite/chlorite, at Site 765 are believed to be authigenic and to have formed during dolomite precipitation (Compton and Locker, this volume) . Minor to trace amounts of dolomite also were found in sediment below 485 mbsf. Trace amounts of siderite were tentatively identified in several samples from 525 to 631 mbsf, while calcian rhodochrosite occurs in places as silt-sized microcrystalline nodules in Lower Cretaceous sediment from 740 to 900 mbsf.
The texture of the dolomite described above and its intimate association with delicate authigenic clay minerals demonstrate that the dolomite at Site 765 is not detrital. If the dolomite were detrital or had formed on the Australian continental margin and had been redeposited in the Argo Basin by turbidity currents, then the more dense, silt-sized dolomite rhombs would be expected to have settled preferentially at the base of the turbidites. And yet, the abundance of dolomite does not correspond to the sample position within the turbidite units; silt-sized dolomite rhombs not only occur in the basal foraminiferal sands, but are also present in the overlying nannofossil ooze and clayey tops of the turbidite units. In addition, comparable amounts of dolomite were not detected at adjacent sites along the northwestern Australia continental margin, except at DSDP Site 262 in the Timor Trough, where high-salinity, aragonite-rich, Pliocene sediment contains abundant calcian dolomite Cooks et al., 1974) .
EARLY DIAGENESIS
Pore waters from Neogene sediments recovered from Site 765 exhibit an exponential decrease in sulfate-ion concentration typical of marine sediment undergoing organic matter degradation by sulfate-reducing bacteria (Claypool and Kaplan, 1974; Gieskes, 1983 ). An asymptotic sulfate concentration of about 7 mM is attained by 254 mbsf (Table 2 ; Fig. 2 ). The organic carbon content decreases rapidly from about 1 wt% in the uppermost sediment to less than 0.5 wt% by 100 mbsf (Ludden, Gradstein, et al., 1990 ).
The relatively low organic carbon content at Site 765 suggests that sufficient organic carbon is not available to drive the sulfate concentration to near zero, as commonly observed in more organic-rich marine sediments (Gieskes, 1981 (Gieskes, , 1983 . Sulfate reduction results in an increase in pore-water phosphate, ammonium, and carbonate alkalinity (Table 2; Fig. 2 ). Although pore-water H 2 S was not measured at Site 765, sulfate reduction usually increases the total dissolved H 2 S (e.g., Devol et al., 1984) . The rapid increase in pore-water phosphate, sulfide, and carbonate alkalinity can lead to the precipitation of diagenetic phosphate, sulfide, and carbonate minerals ( Fig. 3) .
Phosphate ion exhibits two maxima at 14 and 72 mbsf and then decreases rapidly to near-zero at a depth that corresponds to the sulfate asymptotic value (Fig. 2) . Cemented carbonate nodules from 52 mbsf (Sample 123-765B-6H-3, 145-150 cm) were found to contain the mineral francolite, a carbonate fluorapatite, Ca 5 (PO 4 ,CO 3 ) 3 (F). This francolite may have formed by replace- ment of CaCO 3 , and the required fluorine was probably supplied by diffusion from the overlying seawater (Froelich et al., 1983) . The rare occurrence of francolite is consistent with the relatively low organic carbon content and low pore-water phosphate concentrations of sediments at Site 765. Ammonium increases to a maximum concentration of 2 mM at 341 mbsf. The ammonium maximum occurs at a greater sediment depth than the phosphate maxima, but two local ammonium maxima correspond to the phosphate maxima (Fig. 2) . Ammonium ions can exchange rapidly with cations in the interlayer site of smectite minerals (Rosenfeld, 1979) . However, the potential for ammonium exchange by sediments within the ammonium maximum at Site 765 is unclear, because these sediments contain relatively small amounts of smectite compared to sepiolite and palygorskite (Compton and Locker, this volume) . Although the pore-water H 2 S and Fe were not measured at Site 765, the occurrence of pyrite within the sulfate-reduction zone suggests that H 2 S and Fe are reacting at depth in the sediment to form pyrite (Berner, 1970 (Berner, , 1984 . The pyrite is framboidal and occurs as silt-sized nodules composed of inlocking crystals (PI. 1, Figs. 1 and 2) or, less commonly, as pyritized burrows.
Carbonate alkalinity maxima occur at 23 and 72 mbsf (Fig. 2) . This increase in carbonate alkalinity results from the CO 2 produced during bacterial degradation of organic matter (Claypool and Kaplan, 1974) . The alkalinity increase promotes carbonate precipitation by increasing the degree of carbonate saturation (Compton, 1988b) . Dolomite appears to be precipitating currently at depth in the sediment at Site 765 based on the removal of pore-water Ca and Mg and an alkalinity maximum at the sediment depths where dolomite was first observed. The degree of saturation of the pore water with respect to dolomite and calcite was calculated using the pore-water data from Table 2 . The degree of saturation can be expressed as the ratio of the actual ion activity product (IAP) to the equilibrium or solubility product (K). The carbonate ion activity was calculated from the pH and titration alkalinity, and the effect of temperature and pressure on the activity coefficients of Ca and Mg was taken into account (Berner, 1971) . The geothermal gradient (32°C/km) was used to estimate temperature, and pressure was estimated from the combined sediment and water depths (10 m = 1 atm). The effect of temperature and pressure on the equilibrium solubility products of dolomite and calcite was estimated using the procedures of Langmuir (1971) and Berner (1965) , and the molar volume data from Millero (1983) . The value of the equilibrium solubility product of near-ideal dolomite was taken as 10 17 at 25°C (Hsü, 1963; Holland et al., 1964; Robie et al., 1978) .
The pore water at Site 765 is saturated to 10 times supersaturated with dolomite and saturated to slightly undersaturated with (Fig. 4) . Changes in the degree of saturation with sediment depth are similar for both dolomite and calcite and reflect changes in the alkalinity and pH. The calculated values are approximate because of the uncertainty in the temperature and pressure dependence of the equilibrium solubility products and difficulties in accurately determining the in-situ pH. The calculated values are probably too high because the titration alkalinity is greater than the carbonate alkalinity and, more significantly, because the measured pH is probably too high from CO 2 degassing (Gieskes, 1973) . In addition, these are nonideal dolomites because they contain an average of 7.5 mol% excess Ca (Table 1 ) and, therefore, should be more soluble than ideal dolomite (e.g., Helgeson et al., 1978) . Aragonite is undersaturated at all sediment depths at Site 765 because the solubility of aragonite is approximately 1.5 to 3 times greater than that of calcite, depending on the thermodynamic data used (Woods and Garrels, 1987) .
Dolomite is notoriously difficult to precipitate at low temperatures. Several factors that enhance dolomite precipitation at low temperature include (1) high degree of supersaturation (high carbonate alkalinity), (2) high pH, (3) high pore-water Mg/Ca ratio, (4) low sulfate concentration, and (5) a metastable carbonate precursor (aragonite or high-Mg calcite). The lowered sulfate concentrations at Site 765 may promote dolomite precipitation because sulfate ion has been shown to inhibit the precipitation of dolomite in laboratory experiments (Baker and Kastner, 1981; Kastner and Baker, 1982) . Dolomitization of calcite was found to be inhibited by sulfate at concentrations of 5% to 7% of seawater sulfate, but dolomitization of aragonite was inhibited only at sulfate concentrations greater than 50% of seawater sulfate. In addition, the transformation of aragonite to dolomite was found to be 4 to 6 times faster than calcite in sulfate-free solutions at 150°C (Kastner and Baker, 1982) . The first occurrence of dolomite at Site 765 corresponds to the sediment depth where sulfate is depleted to below 50% of its seawater value. Sulfate is further depleted to about 75% of its seawater value in the sediment interval that contains the most abundant dolomite. The enhancement of dolomitization by an aragonite rather than a calcite precursor may explain the strong association of dolomite and aragonite at Site 765.
Pore-water Ca decreases in the uppermost 110 mbsf and then increases with sediment depth (Fig. 5 ). An initial decrease in Ca, associated with an increase in alkalinity, was commonly observed in rapidly deposited, organic-rich sediments and is a result of carbonate precipitation (Gieskes, 1981) . Depletion of Ca at Site 765 may result from the direct precipitation of dolomite,
or calcite because pore waters are supersaturated with both minerals in the sediment interval of Ca depletion (Fig. 4) . The increase of Ca below 110 mbsf corresponds to a decrease in alkalinity and an increased gradient in Mg, suggesting that the carbonate reaction changes from predominantly direct precipitation (Eq. 1) to replacement of precursor aragonite or calcite below 100 mbsf, 2CaCO 3 + Mg 2+ = CaMg(CO 3 )2 + Ca 2+ .
(2)
The Mg concentration decreases gradually from 0 to 100 mbsf and then more rapidly from 100 to 250 mbsf (Fig. 5) . The decrease in Mg results from the precipitation of dolomite as well as the Mg-rich clay minerals sepiolite and palygorskite (Compton and Locker, this volume) . The Mg gradient is slightly greater than the Ca gradient in the uppermost 100 mbsf, which suggests that both the replacement reaction (Eq. 2) and direct precipitation (Eq. 1) are occurring in the uppermost sediment. The replacement reaction is also supported by the strong correlation between the amount of aragonite and dolomite in the sediment (Fig. 1) . The pore-water Mg/Ca ratio increases rapidly in the uppermost 100 mbsf, which favors the precipitation of dolomite (Eq. 2). The Mg/Ca ratio then decreases to an asymptotic value of about 1, a trend commonly observed in marine sediments undergoing dolomitization and a ratio that is predicted for pore water in thermodynamic equilibrium with dolomite (Robie et al., 1978; Compton, 1988b) .
Pore-water Mn increases rapidly to 73 µM in the uppermost 14 mbsf and then decreases to near zero by 100 mbsf (Fig. 5) . The Mn concentration spike probably results from the reduction of Mn oxides. The reduced Mn is then available for incorporation into precipitating carbonate. No rhodochrosite (MnCO 3 ) was identified positively in the Neogene sediments at Site 765; however, the presence of small amounts of rhodochrosite cannot be ruled out because the most intense rhodochrosite XRD peak coincides with a calcite peak, making it difficult to detect small amounts of rhodochrosite in these calcite-rich sediments. Much of the porewater Mn was probably taken up by dolomite, which contains minor to trace amounts of Mn (Table 1) . Similar to Mn, Fe was probably derived from the reduction of Fe oxides and taken up directly from pore water during dolomite and pyrite formation. The amount of Fe available for carbonate precipitation may have been limited by the removal of Fe from the precipitation of pyrite, whereas the amount of Mn carbonate may have been limited by the low Mn concentrations at depth in the sediment (Fig. 5) .
The availability of reduced Fe and Mn for carbonate precipitation in these sediments may be related to the periodic deposition of the turbidite sequences. Each new turbidite event results in the sudden deposition of calcite, aragonite, aluminosilicates, and (mmol/l) 1 2 3 organic matter derived from the continental margin. The transported organic matter avoids significant degradation by oxygenated bottom waters because of its rapid burial. After burial, the organic matter undergoes degradation by sulfate-reducing bacteria. Fe and Mn oxides that had accumulated at the sediment/ seawater interface prior to turbidite deposition were reduced and diffused through the sediment to precipitate as carbonate or sulfide minerals, or they were diffused to the new sediment/seawater interface to precipitate as Fe and Mn oxides. Most turbidites appear to have had enough organic carbon to create the reducing conditions to recycle the previously accumulated Fe and Mn oxides. During periods of slow pelagic sedimentation between turbidite deposits, carbonate at the sediment/seawater interface should dissolve and biogenic silica and aluminosilicates should accumulate below the CCD, but the bulk of the redeposited carbonate was removed from undersaturated bottom waters by rapid burial. Calcite and aragonite underwent gradual recrystallization with increasing burial depth, partially lithifying the calcareous turbidites by 200 mbsf and forming chalks by 550 mbsf, similar to the carbonate burial diagenesis described at other deepsea sites (e.g., Garrison, 1981) . The partial lithification of the sediment below 200 mbsf may have been enhanced by dolomite precipitation. Chalk from below 600 mbsf at Site 765 contains recrystallized calcite (observed in SEM) and a much lower bulk sediment Sr content ( Fig. 1; Baker et al., 1982) . Solution of aragonite is shown by the pore-water Sr profile (Fig. 5 ). Pore-water Sr rapidly increases with sediment depth to a maximum of 2.1 mM at 341 mbsf and then decreases to 0.3 raM at 668 mbsf. The pore-water Sr maximum corresponds to the aragonite-rich sediment interval (Fig. 1) . A Sr concentration of 2.1 mM is unusually high for pelagic carbonate sediments and is the result of rapid solution of Sr-rich aragonite and limited uptake of Sr by the recrystallized carbonate minerals . Celestite (SrSO 4 ) nodules have been reported from pelagic car-bonates where the Sr concentration is relatively high (Baker and Bloomer, 1988) . Celestite was not detected at Site 765. High Sr concentrations do not result in the precipitation of celestite at Site 765 because the Sr maximum corresponds to the sulfate minimum. Pore waters at Site 765 were calculated as undersaturated to slightly supersaturated with celestite, assuming atmospheric pressure. However, the pressure in these sediments is on the order of 600 atms, and the solubility of celestite appears to increase with increasing pressure (North, 1974; Baker and Bloomer, 1988 ), suggesting that pore waters at Site 765 are undersaturated with respect to celestite.
CALCIUM AND MAGNESIUM
The rate of aragonite dissolution can be estimated from the average diffusive flux of pore-water Sr, assuming steady-state diagenesis (Berner, 1980) . The Sr content of the aragonite was estimated as on the order of 0.8 wt%, based on the correlation between Sr and CaCO 3 contents of the bulk sediment (Ludden, Gradstein, et al., 1990) . The amount of Sr removed from the pore water was assumed to be negligible because the recrystallized calcite and dolomite contain much less Sr than aragonite. The total average flux of Sr out of the aragonite-rich sediment interval was calculated as approximately 2.3 × 10~1 0 µM Sr cm 2 s~1, using Fick's first law of diffusion and assuming a constant bulk-sediment diffusion coefficient of 4 × 10 6 era 2 s~1. Averaging over the aragonite-rich sediment interval from 200 to 450 mbsf and using an average bulk-sediment density of 1.9 g cm 3 , the Sr flux requires the solution of roughly 0.3 wt% aragonite/m.y. The total amount of dissolved aragonite required since deposition to support the current Sr flux is on the order of the amount of dolomite observed in the sediment interval from 200 to 450 mbsf (2-6 wt%), suggesting that aragonite was an important precursor to dolomite precipitation.
Total carbonate and diagenetic carbonate minerals are far less abundant below 500 mbsf at Site 765. Trace to minor amounts of dolomite occur below 440 mbsf; rhodochrosite was observed from 740 to 900 mbsf; and siderite was tentatively identified by XRD from 525 to 631 mbsf. The rhodochrosite occurs as silt-sized, spherical aggregates of intergrown microcrystals. Most of the rhodochrosite has been interpreted to have precipitated in situ (Ludden, Gradstein, et al., 1990) . The formation of rhodochrosite is most often associated with the degradation of organic matter in anoxic sediments (Suess, 1979; Pedersen and Price, 1982; Jakobsen and Postma, 1989) . Reduction of Mn oxides releases Mn to the pore water, where it can directly precipitate as rhodochrosite in high-carbonate alkalinity pore waters that are supersaturated with respect to rhodochrosite. Rhodochrosite in organic-rich marine sediment from the Baltic Sea was found to contain 10 to 40 mol% CaCO 3 and 2 to 5 mol% MgCO 3 (Jakobsen and Postma, 1989) . The elemental composition of a single rhodochrosite sample (123-765C-45R-3, 140-150 cm) from 773 mbsf is similar to the composition of rhodochrosites from the Baltic Sea, (Mn 084 Ca 0 n Mg 004 Fe 001 )Cθ3. The large negative δ 13 C value of the rhodochrosite (Table 1) suggests that it formed early in the sulfate-reduction zone during decomposition of organic matter (see below). However, the depleted δ 18 θ value suggests that the rhodochrosite may have recrystallized at a higher temperature associated with deeper burial depths (Fig. 6) . The sediment interval where rhodochrosite occurs also contains pyrite, which is consistent with its origin in sulfate-reducing, anoxic pore waters. The organic carbon content of the sediment is generally low, with the exception of a single measurement of 5 wt% organic carbon at 774 mbsf, 1 m below the analyzed rhodochrosite sample.
Elemental and Isotopic Analyses of the Dolomite
The elemental and carbon and oxygen isotopic analyses of dolomite samples and one rhodochrosite sample from Site 765 are listed in Table 1 . The Ca and Mg contents of the bulk dolomite samples are remarkably similar, but the Fe and Mn contents are variable. Calcian dolomites commonly precipitate from solutions that have salinities and Mg/Ca ratios that are close to those observed at Site 765 (Morrow, 1982) . Oxygen and carbon isotopic values of the dolomite samples range from 2.6 to 5.5%o δ 18 θ (PBD) and -0.1 to 6.6%o δ 13 C (PDB), respectively (Fig. 6 ). Overlapped onto Figure 6 is the generalized pore-water dl3C curve observed for organic-rich marine sediments (Claypool and Kaplan, 1974; Irwin et al., 1977; Pisciotto and Mahoney, 1981; Kelts and McKenzie, 1982) . The negative δ 13 C shift to about -2O°/oo occurs in the sulfate-reduction zone from the preferential bacterial degradation of light organic carbon. The swing to heavier δ 13 C values occurs during the transition from sulfate reduction to methanogenesis, where isotopically light bicarbonate is preferentially reduced to methane, resulting in a heavier residual porewater bicarbonate. The actual position of the pore-water δ 13 C curve with respect to sediment depth will depend, in part, on the sedimentation rate and the geothermal gradient (e.g., Pisciotto and Mahoney, 1981) . Also shown in Figure 6 are the ranges in isotopic compositions reported for Neogene benthic foraminifers (e.g., Miller and Fairbanks, 1985; Vincent and Berger, 1985) and Pleistocene to Holocene marine dolomites (adapted from Hardie, 1987) . Organogenic dolomites from the Miocene Monterey Formation are not plotted in Figure 5 , but cover a broad range of isotopic compositions from -20 to 2O%o δ 13 C and -6 to 6°/oo δ 18 θ (e.g., Garrison et al., 1984) .
The large, positive δ 18 θ values of the dolomites from Site 765 suggest that the dolomite formed at relatively low temperatures during early burial diagenesis. This is consistent with their occurrence in the uppermost 450 mbsf and a geothermal gradient at Site 765 of 32°C/km (Ludden, Gradstein, et al., 1990) . The δ 18 θ values do not show a trend to lower values with increasing burial depth. The positive δ 18 C values suggest that most of the carbon in the dolomite was derived from precursor biogenic carbonate (pelagic Solid line represents generalized pore-water δ 13 C of organic-rich sediment from the sediment/seawater interface through the sulfate-reduction and methanogenesis zones (Claypool and Kaplan, 1974) . Rectangular area is the range in isotopic values for Neogene benthic foraminifers (e.g., Miller and Fairbanks, 1985; Vincent and Berger, 1985) , and the circular area is the range of Pleistocene to Holocene marine dolomites (after Hardie, 1987) . Refer to discussion in text. calcite and benthic aragonitic (Ludden, Gradstein, et al., 1990) . The 5 18 O values do not exhibit a trend to lower values with increasing burial depth. The positive δ 13 C values suggest that most of the carbon in the dolomite was derived from precursor biogenic carbonate (pelagic calcite and benthic aragonitic foraminifers), not from the degradation of organic matter in the sulfate-reduction zone. This is particularly true for the dolomite that occurs in the present sulfate-reduction zone, where the alkalinity maxima occur and where the pore-water bicarbonate is anticipated to have large negative 6 13 C values. Most of the dolomite samples have δ 13 C values that are somewhat heavier than biogenic carbonates, suggesting that some of the carbonate may have been derived from the degradation of organic matter near the boundary between sulfate reduction and methanogenesis. In summary, the isotopic composition of the dolomites suggests that they formed during early burial, predominantly by replacement of precursor aragonite and calcite and that organic matter degradation provided only a minor source of carbonate during dolomite precipitation. This is consistent with the correlation between dolomite and aragonite contents, and the low organic matter content of sediment from Site 765 in comparison to the high organic matter content associated with most organogenic dolomites (e.g., Garrison et al., 1984) .
CONCLUSIONS
The abundance of diagenetic dolomite is surprising when one considers the relatively low organic matter content of the sediment at Site 765. The key factor for explaining the precipitation of dolomite at Site 765 is the abundance of aragonite. The carbon isotopic composition of the dolomite suggests that most of the carbon was derived primarily from precursor biogenic carbonate, not from the degradation of organic matter. Most of the dolomite at Site 765 appears to have formed by replacement of aragonite, based on the Sr mass-balance calculations, the pore-water Ca and Mg profiles, and the strong correlation of dolomite and aragonite contents. However, some of the carbonate in the dolomite was probably derived from the degradation of organic matter. Although limited in. amount, organic matter degradation promotes dolomite precipitation at Site 765 because it reduces the sulfateion concentration and increases the carbonate alkalinity. Dolomite probably nucleates in the alkalinity maxima observed in the uppermost sediment, as suggested by the high degree of supersaturation and the first observation of fine-grained dolomite rhombs at 62 mbsf. Once nucleated, dolomite might continue to precipitate as aragonite dissolves. The required Mg is supplied by diffusion from the overlying seawater. Therefore, organic matter degradation at Site 765 is important because it enhances dolomite nucleation and growth by producing supersaturated pore waters and by significantly depleting sulfate ion for less-inhibited dolomitization of aragonite. 
